Legged off-road vehicles exhibit better mobility while moving on rough terrain. Development of legged mechanisms represents a challenging problem and has attracted significant attention from both artists and engineers. In this paper, we present the design of a single-degree-of-freedom legged walking mechanism using the mechanism design theory and optimization to imitate a well-known kinetic sculpture, a Wind Beast. The optimization is set up to: i) minimize the energy input and ii) maximize the stride length. The optimization is based on the dynamic force analysis. A prototype of the optimized walking mechanism with 6 legs was built to demonstrate its smooth motion. The success in designing a legged mechanism capable of imitating the well-known kinetic sculpture using the engineering design theories is a small step bridging the gap between art and engineering.
INTRODUCTION
It has been established that legged off-road vehicles exhibit better mobility, obtain higher energy efficiency and provide more comfortable movement than those of conventional tracked or wheeled vehicles while moving on rough terrain [1] . In the last several decades, a wide variety of legged mechanisms have been researched for the applications of legged locomotion, such as planetary exploration, walking chairs for the disabled and for military transport, and rescue in radioactive zones for nuclear industries or in other hostile environments.
From a design viewpoint, legged robots can be divided into two groups, single/low-degree-of-freedom (SDOF/LDOF) and multi-degree-of-freedom (MDOF) mechanisms [2] . The latter is the focus of the recent development of legged robots due to the advancement in control theories and actuation technologies. Such MDOF robots have the advantages of being simple in the leg structure, but are demanding to the actuation and control. On the other hand, the SDOF/LDOF legged mechanisms have the advantages of requiring little control and simple actuation, yet can still create versatile walking motion with a low demand on the energy input. It has been discussed that unlike a ground-based manipulator that can be operated with an off-board power supply, a walking machine has to carry the entire power supply in addition to the external payload and the weight of the machine body. Thus it is desirable to use a small number of actuators to reduce the body weight and to simplify the motion coordination [3] . A number of six or seven-link SDOF leg mechanisms have been designed [3] [4] [5] [6] [7] . Rigorous research has been carried out on their mobility and energy loss through kinematic and structural analysis. Two important findings have been documented: (1) a crank as an input link with continuous rotation motion should be used to achieve fast motion with minimum control [3] [4] [5] 8] and (2) an ovoid foot path is necessary to step over small obstacles without significantly raising the body [3, 4, 8] . The challenge in developing a SDOF legged walking mechanism is the requirement of a large number of links required to provide high mobility. Thus, the type selection and the dimensional synthesis for such legged mechanisms are challenging.
Type synthesis has been the main focus for the early research on design of SDOF legged mechanisms, where slider-crank mechanisms [9] and multiple cam mechanisms [10] have been used. It was recommended to use only revolute joints for legged walking machines due to the difficulties in lubrication and sealing of the sliding joints, which is essential for the machines to walk outdoors [9] . Many pin-joined legged mechanisms have been designed, which are often compound mechanisms consisting of a four-bar linkage and a pantograph [3, 5, 6, 9, 11] . The potential advantages of such compound mechanisms are fast locomotion, minimal energy loss, simplicity in control design, and the slenderness of the leg [4] .
Although legged walking mechanisms have a high potential in mobility and energy efficiency on rough terrain, they often involve a large number of geometrical dimensions, which makes it necessary to resort to optimization to achieve a high quality design. Reducing the energy loss has always been the interest in designing legged mechanisms [3, 4, 7] . In some research, springs were added to store the energy and to reduce the actuating torque [4] . In the process of energy optimization, the force analysis is needed. Due to the complexity of the mechanisms, in previous research, the force analysis has been restricted to the static analysis [3, 4, 7] . It is known that the dynamic analysis of the mechanism has important impact on energy optimization especially when fast locomotion is to be created.
While developing legged walking robots have been actively pursued by engineers, they have also attracted attentions from art fields. Mr. Theo Jansen, a Dutch kinetic sculptor, created a series of kinetic sculptures, "Wind Beasts", shown in Fig. 1(a) , which are multi-legged walking mechanisms powered by wind [6] . Wind Beasts are able to walk gracefully (smooth motion with a long step length) on the beach of Netherlands. They are created by the pure artistic instinct, yet they are governed by basic mechanics. For examples, the leg mechanism has many advantages from the design viewpoint, such as, SDOF, a crank as an input link and an ovoid foot path. On the other hand, Wind Beasts have certain unique artistic features, which represent significant design challenges. For examples, the two four-bar linkages with the common input link, A 0 ABB 0 and A 0 AEB 0 shown in Fig. 1(b) , are identical and the four-bar linkage, B 0 CDE also shown in Fig. 1(b) , is a parallelogram mechanism. The most amazing artefact from an engineering point of view is the use of the wind power, which demands the leg mechanism be designed with low energy-input, yet still maintains a long step length and smooth gait motion. Mr. Jansen's Wind Beasts are a fusion of Art and Engineering, which inspires us to explore the feasibility of designing a Wind Beast using the mechanism design theory and optimization.
In this work, we intend to demonstrate the feasibility of the classical engineering theories to create a leg mechanism similar to Wind Beasts [6] , which requires a low energy input yet still exhibits smooth locomotion motion with a long step length. The mechanism design theory and optimization will be used in this work. Several challenges are encountered: (1) the special features included in the leg mechanism of Wind Beasts and the large number of the links make the solution process tedious, even infeasible, and (2) minimizing the energy-input requires dynamics analysis, which needs the information about the interactions between the feet and the ground. Such information is not available. We will address the above challenges and present the design and the analysis of our legged mechanism imitating a Wind Beast. Finally, we built our designed mechanism to demonstrate its smooth motion. (a) 3" " they are governed by basic mechanics. For examples, the leg mechanism has many advantages from the design viewpoint, such as, SDOF, a crank as an input link and an ovoid foot path. On the other hand, Wind Beasts have certain unique artistic features, which represent significant design challenges. For examples, the two four-bar linkages with the common input link, shown in red in Fig. 1(b) , are identical and the 4-bar linkage, shown in blue in Fig. 1(b) , is a parallelogram mechanism. The most amazing artefact from an engineering point of view is the use of the wind power, which demands the leg mechanism be designed with low energy-input, yet still maintains a long step length and smooth gait motion. Mr. Jansen's Wind Beasts are a fusion of Art and Engineering, which inspires us to explore the feasibility of designing a Wind Beast using the mechanism design theory and optimization.
In this work, we intend to demonstrate the feasibility of the classical engineering theories to create a leg mechanism similar to Wind Beasts [6] , which requires a low energy input yet still exhibits smooth locomotion motion with a long step length. The mechanism design theory and optimization will be used in this work. Several challenges are encountered: (1) the special features included in the leg mechanism of Wind Beasts and the large number of the links make the solution process tedious, even infeasible, and (2) minimizing the energy-input requires dynamics analysis, which needs the information about the interactions between the feet and the ground. Such information is not available. We will address the above challenges and present the design and the analysis of our legged mechanism imitating a Wind Beast. Finally, we built our designed mechanism to demonstrate its smooth motion.
DESIGN OF A LEGGED WALKING MECHANISM

Mechanism Description
The planar SDOF mechanism inspired by Mr. Theo Jansen's kinetic sculpture, Wind Beasts, is an eight-bar mechanism shown in Fig. 1(b) , which consists of a pair of identical upper and lower four-bar mechanisms, A 0 ABB 0 and A 0 AEB 0, augmented with the parallelogram mechanism, B 0 CDEF where DEF forms one rigid foot-link. The eight-bar linkage is equivalent to a six-bar mechanism from a design viewpoint since the upper and lower four-bar linkages A 0 ABB 0 and 
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The planar SDOF mechanism inspired by Mr. Theo Jansen's kinetic sculpture, Wind Beasts, is an eightbar mechanism shown in Fig. 1(b) , which consists of a pair of identical upper and lower four-bar mechanisms, A 0 ABB 0 and A 0 AEB 0, augmented with the parallelogram mechanism, B 0 CDEF where DEF forms one rigid foot-link. The eight-bar linkage is equivalent to a six-bar mechanism from a design viewpoint since the upper and lower four-bar linkages A 0 ABB 0 and A 0 AEB 0 are identical in dimensions as used in the Wind Beast. Note that in the design procedure, the linkage, B 0 CDE, was not restricted as a parallelogram mechanism to impose fewer constraints to the solution procedure.
To design the legged walking mechanism, shown in Fig. 1(b) , A 0 A serves as an input link and DEF serves as the foot-link with F as the tracer point. In our design, link A 0 B 0 is fixed. The mechanism is designed such that the trajectory of the tracer point is an ovoid, as shown in Fig. 2(b) , for two reasons: (1) the ovoid path enables the walking mechanism to step over small obstacles without significantly raising its body or applying an additional DOF motion and, (2) it can also minimize the slamming effect caused by the inertial forces during walking as discussed in [4, 5] . The path of the tracer point is composed of two portions during each step. The first portion is the propelling portion, between F 1 and F 2 as shown in Fig. 2(b) , where the tracer point F is in contact with the ground. The second portion is the returning portion, where the tracerpoint, F, is not in contact with the ground. The distance between F 1 and F 2 is the stride length, which is proportional to the step length, and the height H (Fig. 2b) is the maximum height of an obstacle that the walking machine can step over. Since the trajectory of the tracer point relative to the upper body (AA 0 ) is a closed curve and A 0 A is located outside the curve, a crank-rocker mechanism must be designed as discussed in [9] . Note that the stride length (F 1 F 2 ) is different from the step length in that during the design, the "hip" is fixed and the stride length is the propelling distance of the "hip" in the actual walking, while the step length is the distance between the two subsequent contact points of "foot" (the tracer points) and the ground. However, the stride length and the step length are linear proportional, i.e., a longer stride length leads to a longer step length.
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where ∆θ 2 = 360 • and ∆θ 4 = 2A. The selection of a sinusoidal function for the function generator is based on the consideration that the human hip motion can be approximated as a sinusoidal function. To design a mechanism with low vertical movement and to a certain extent similar to the smooth human hip motion, it was desirable to have the input and output motion to satisfy Eq. (1) as discussed in reference [9] . Three coefficients A, B and C are used as free choices in the synthesis. Their selections will be discussed later.
In the synthesis of the function generator, the well-known Freudenstein's method [12] is used with three precision points, determined by Chebyshev spacing [13] . With the free choice of the ground spacing Z 1 , the lengths of Z 2 , Z 3 and Z 4 are obtained.
The second step is the design of mechanism Z 6 Z 8 Z 9 Z 11 Z 12 as a path generator using four precision points, F 1 , F 2 , F 3 and F 4 , where the dyad Z 6 Z 12 and the triad Z 8 Z 9 Z 11 are synthesized separately. The solution is obtained by solving the complex equations derived using the complex number method [14] where one of the free choices for each dyad and triad is the rotation of the link Z 6 or Z 9 between the first and second precision points. Furthermore the rotation of the coupler (Z 10 Z 11 Z 12 ) is not prescribed, therefore the rotations of the foot-link, θ 12 , from the first to the remaining three precision positions are also the free choices.
One challenge of the design is that the path generator must be compatible with the function generator in that Z 6 have already been determined during function generation. Therefore, the path generator synthesized must returning the same vector of Z 6 . Furthermore, to ensure that an acceptable result can be obtained, the four precision points of the path generator are determined by assuming the crack angles and the length of Z 12 such that they form an ovoid path.
Together with the design of the function generator, there are a total of 16 free choices including the three parameters, A, B, and C shown in Eq. (1), describing the function to be generated, the ground link Z 1 of the function generator, the input link direction at the first precision point, θ 2 , the coupler angle θ c , the length of Z 8 , the four angles defining the position of the foot-link, θ 12 , at each precision point, the length of Z 12 and the four crank angles corresponding to the four precision points for the path generator. Once these free choices are selected, the dimensions of the legged mechanism, shown in Fig. 2(a) , can be determined using the previously mentioned methods. In this work, an optimization scheme is used for the selection of the free choices. A set of constraints must be satisfied in order to exhibit acceptable motion, which is discussed in the following section.
Constraints
A set of constraints imposed on the leg mechanism are presented below for determining acceptable mechanism.
Grashof Criteria
The two four-bar function generators (Z 1 Z 2 Z 3 Z 4 and Z 1 Z 2 Z 5 Z 6 ) shown in Fig. 2 (a) must be crankrocker mechanisms. This is guaranteed by (1) satisfying the Grashof criterion [15] where the sum of the shortest and longest link must be lower than the sum of the remaining two links and (2) ensuring that the crank is the shortest link:
where x 1 and x 2 are the shortest and longest links, x 3 and x 4 are the remaining two links, and:
Stride Length
The stride length is the distance between F 1 and F 2 as shown in Fig. 2(b) . To produce a long step length, the stride length must be above a specified value (HC1):
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Parallelogram Mechanism Angles
Although in the design, Z 6 Z 8 Z 9 Z 10 is not restricted to be an exact parallelogram mechanism, it is selected to be close to it. It is noticed that certain parallelogram mechanisms (Z 6 Z 8 Z 9 Z 10 ) exhibit jamming when the angles between the four links exceed certain ranges, HC2 and HC3. Therefore, the interior angles of the parallelogram mechanism are examined throughout the gait cycle and if any angle goes beyond an acceptable range, the mechanism is rejected. C4 = HC2 ≤ {θ 6, 8 , θ 8,9 , θ 9,10 , θ 6,10 } ≤ HC3 ,
where θ 6,8 , θ 8,9 , θ 9,10 and θ 6,10 are the angles between links Z 6 and Z 8 , Z 8 and Z 9 , Z 9 and Z 10 , and Z 6 and Z 10 , as shown in Fig. 2(a) .
Trajectory of the Tracer Point
The trajectory of the tracer point needs to be checked to ensure that two events occur: (1) the trajectory along the ground, F 1 F 2 , is flat and (2) the tracer point does not come into contact with the ground during its returning path. To ensure (1), the lowest point F 3 , shown in Fig. 2(b) , is first identified, and the vertical distance between F 3 and an arbitrary point within F 1 and F 2 are determined, and if such distance is lower than a pre-determined value, HC4, the tracer point is considered along the ground, i.e.:
where Y F is the vertical coordinate of an arbitrary point between F 1 and F 2 . For the returning path, if any points are in contact with the ground then the solution is rejected. Note that the coordinate system is attached to the ground at A with vertical axis upward.
Parallelogram Mechanism
In the Wind Beast, the linkage equivalent to Z 6 Z 8 Z 9 Z 10 is a parallelogram mechanism. However, it is not feasible to obtain such solutions due to the fact that the mechanism Z 6 Z 8 Z 9 Z 10 must be compatible with the function generator Z 1 Z 2 Z 5 Z 6 and it is dependent on the precision points of the foot path. The free choices of the rotation θ 6 and θ 8 between the first and second precision points used for the synthesis of the path generator, Z 6 Z 8 Z 9 Z 11 Z 12 , will directly affect the solution. The following constraints are set up. The satisfaction of such constraints will ensure the compatibility of the link Z 6, determined from both function generation, Z 6 desired and path generation, Z 6 actual and Z 6 Z 8 Z 9 Z 10 to be close to a parallelogram mechanism:
Optimization
Due to the large number of the links involved and the constraints imposed, it is extremely challenging to obtain a set of acceptable solutions, much less about optimization. In this work, a constrained multiobjective optimization approach [16] is used to optimize the design.
The first objective of the optimization is to minimize the energy over the cycle, which is represented by integrating the squared torque over one cycle (complete rotation of the crank), shown below:
where τ is the amount of time for completing a full rotation of the crank and T is the torque applied to the crank. Equation (10) is an integral of the control effort during each cycle. It has been discussed that reducing the control effort indicates the low energy consumption and has often been used in the energy optimization in bipedal walking robots [17] . To calculate the torque throughout the cycle, the complete kinematics need to be determined for each link based on the position, velocity and acceleration of the crank. Furthermore, the torque applied to the crank and the forces applied at the joints can be determined using inverse dynamics [18, 19] . In this work, the following assumptions are used for the dynamic analysis: (1) the links are simplified as rigid bodies with uniform distributed mass; (2) the friction at the joints is neglected, but the friction between the tracer point and the ground is sufficiently high so that no slipping occurs during the contact phase between the tracer point and the ground, and (3) when the leg comes into contact with the ground, it is assumed to have a zero impact. The ground reaction forces are critical for dynamic analysis. Since the force sensors for measuring ground reactions are not available, the following approximations are made. Considering the Wind Beast walking on a relatively flat sand beach, there are three forces applied on each leg, the gravity, wind force and ground reactions. Since the wind force is relatively low, it was neglected in the dynamics analysis. We estimated the ground reactions by using the accelerations of the mass center of the entire leg, since the ground reactions are the only forces in addition to the gravity applied on the leg. The accelerations of the overall mass center can be estimated using the kinematics of each link [20] .
In legged locomotion, the step length, which is proportional to the stride length is as important as the energy consumption. However a small increase in the step length can cause higher energy consumption. To find the stride length, F 1 F 2 , shown in Fig. 2(b) , the following equations are used:
X_ POS = Z 6 cos θ 6 + Z 12 cos(θ 12 )
and the stride length is approximated as:
Two objectives are combined to form a minimization problem. This was done by dividing objective one by objective two seen in the following:
Note that the combination of the two objectives shown above is rather arbitrary and the multi-objective used in this work is one of the many ways for optimization. Our multi-objective functional is intuitive in that the decrease in the control effort and the increase in the step length are simultaneously achieved by minimizing the proposed multi-objective functional. Other multi-objective functional, such as the summation of the individual objective functions with assigned weights, can also be used for optimization.
Due to the large number of the free choices and constraints, it is extremely challenging to obtain an acceptable legged mechanism. We first selected the free choices by trail-and-error with the goal to achieve a long step length while keeping the 4-bar linkage Z 6 Z 8 Z 9 Z 10 , shown in Fig. 2(a) , as a parallelogram mechanism and maintaining smooth motion. The process of trial-and-error enables us to gain insights into the effects of the free choices on the motion of the mechanisms. We then applied for an optimization process using the free choices from the trial and error as the initial parameters for the optimization process. In addition, certain free choices from the trial-and-error results were set as constants to reduce the computational time. Furthermore, for the four-bar function generator, originally there are four free choices including the function to be generated. Instead we decided to have three free choices holding the ground spacing (Z 1 ) at a constant throughout the optimization to exclude the effects of scaling. The trial-and-error results demonstrated that numerous solutions can be found. The same crank angles and the angle of the foot-link corresponding to each precision point of the path generator from the trial-and-error search were used in optimization. With setting these variables to constant values, the optimization problem is greatly reduced in complexity leaving a more realistic optimization problem that uses 6 variables (Z 2 , Z 3 , Z 4 , Z 8 , Z 12 , θ c ).
We found that there exist many local minima during optimization. We performed a coarse exhaustive search over defined regions of the variables; with the best configurations found, based on the objective function Eq. (14), we performed a local optimization at those configurations. The function fmincon (constrained non-linear minimization) in the optimization toolbox in Matlab was used to perform the local optimization at the best configurations found in the coarse exhaustive search. The function fmincon can accept a large amount of variables with the ability to define certain constraints and regions of interest for each variable.
Physical Prototyping
To demonstrate that the legged mechanism imitating a well-known kinetic sculpture, but designed based on engineering design theories, can produce smooth walking motion with a long step length, a low-cost prototype was built based on the dimensions determined from the optimal design. The mechanism consists of 3 pairs of legs with the overall dimensions of 149.9 cm long, by 66.0 cm wide and 64.8 cm high. A frame with wheels is used to support the motors. This is only necessary due to the limited available power from the existing motors.
The mechanism is made of 1.91 cm electrical metal conduit metal tubing. All links are connected with pin joints by inserting 0.48 cm metal rods into the pre-drilled holes at the ends of the tubes except for the links attached to the frame, which have a connector glued on the end which slides over the tubing. To space the leg pairings evenly apart, the crank of each pair is offset by 120 • to have smooth motion when being propelled forward. To increase the friction at the feet, rubber pads were added to the foot. This also adds some cushioning to reduce impact as the foot contacts the ground. Furthermore, the lengths of the legs were chosen to be scaled 1.4 times as the optimized dimensions. A DC motor with a gear reduction and a variable speed control is attached at each end of the crank. The motors are reversible which allows the mechanism to walk in forward and backward directions.
RESULTS AND DISCUSSION
A number of challenges are encountered to design a legged mechanism imitating the Wind Beast. Some of the challenges are stemmed from artistic effects and others are due to design limitations. Such challenges make it challenging to obtain a reasonable solution. The goal is to demonstrate that a legged walking mechanism imitating Wind Beast can be designed based on engineering theories. Such a mechanism should exhibit graceful walking motion, i.e., smooth motion with a long step length, while requires low energy input.
A coarse exhaustive search was first performed. The trial-and-error portion was performed by selecting 16 free choices as discussed in Subsection 2.2. This procedure provides significant insights into the effects of the changes in the free choices on feasibility and the quality of the legged mechanism. The following values were chosen: the minimum stride length (HC1) of 9 cm, the range of the angles between links of the parallelogram mechanism of 5 • (HC2) and 175 • (HC3), the vertical offset used to defined the stride length (HC4) of 0.002 m. To avoid the scaling effect, Z 1 was chosen as 15 cm. Through the search, the best obtained function is θ 4 = 0.524 sin(θ 2 − 1.134) + 1.833(rad). Next, the coupler angles, θ C and Z 8 were chosen as 60 • and 10 cm. For the design of the path generator, a 19 cm was chosen for Z 12 and the crank angles of −98 • , −102 • , −74 • and −46 • were selected corresponding to the four precision points for the path generator, After a substantial amount of time searching, an acceptable mechanism with the desired tracer point trajectory was found. Figure 3(a) shows the designed legged mechanism in dashed lines and Table 1 lists the lengths of the links of the trial-and-error mechanism. As a result the stride length, F 1 F 2 , is 11.68 cm and the highest obstacle that can be clear, H, is 6.5 cm as shown in Fig. 3(b) . The Matlab optimization software was then used on the best found configurations from the trial and error to find the local minimum at each configuration. Each solution used the same parameters discussed above as the initial parameters with the additions of the followings: (i) the links are uniform with a density of 0.5 kg/m; (ii) a friction coefficient of 0.5 is experienced at the foot and (iii) a constant crank velocity of 180°/sec (π rad/s). Using these parameters the objective function, shown in Eq. (14), was calculated for each solution. The main dimensions are shown in Table 1 and the mechanism is shown in Fig. 3(a) in solid lines. It was found that it had a stride length of 10.51 cm and the highest obstacle that can be cleared is 2.11 cm (Fig. 3b) . Note that it also noticed during the procedure seeking for solutions, the motion of BB 0 and EB 0 , shown in Fig. 1(b) , has significant effects on the linkage, B 0 CDE, being a parallelogram and having the same motion of BB 0 and EB 0 is crucial for obtaining a parallelogram.
It can be seen from Table 1 that some links have minor changes in lengths while others are quite noticeable. Figure 3(b) shows the foot trajectories of both designs, which have similar flat profiles along the ground, however the major difference between the two trajectories is the return path. The return path of the optimized designed mechanism has the lower height and the stride length. Thus less energy is used to overcome gravity.
Link
Lengths ( Detailed kinematic and dynamic analyses were carried out on both mechanisms. Figure 4 shows the input torque for each mechanism, respectively. It can be seen that the torque from the optimized mechanism is lower in magnitude throughout the entire gait cycle, and thus has a lower energy input. Figure 4 also shows that the largest magnitudes of torque are found during the return phase of the foot path. This is where the greatest improvements made through optimization in the demand of the low input torque are found.
When comparing the dynamics of both mechanisms, the peak torque of the optimized mechanism decreases by 55.4 % and its stride length decreases by 10 %. Examining the calculated objective function, shown in Eq. (14), it was found that the value of the objective function, O 3 , from the optimized mechanism was 84 % less than that of the trial-and-error. Furthermore, the energy over the cycle, shown in Eq. (12) , was found to be 85.6 % lower. An undesirable component of the results is that the stride length of the optimized leg decreased. This occurs because the mechanism determined by trial-and-error aims at having a longer stride length without any consideration of energy consumption, while for the optimized mechanism, energy minimization is a dominant factor in the optimization used here.
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CONCLUSIONS
Legged off-road vehicles have better mobility, higher energy efficiency and are easier to control as compared with those of conventional tracked or wheeled vehicles while moving on rough terrains. Development of such vehicles represents a challenging problem, and has attracted attentions from both engineering and art fields. Mr. Theo Jansen, created amazing kinetic sculptures, Wind Beasts, which are actuated by wind power, walking gracefully on the beaches of Netherland. Wind Beasts are the fusion of art and engineering.
We presented the design of a SDOF eight-bar legged walking mechanism imitating the Wind Beasts using the mechanism design theory. Our mechanism was designed to produce smooth walking motion with a large step length and to require a low energy input. The mechanism 
We presented the design of a SDOF eight-bar legged walking mechanism imitating the Wind Beasts using the mechanism design theory. Our mechanism was designed to produce smooth walking motion with a large step length and to require a low energy input. The mechanism consists of a function generator and a path generator, and the equations for both generators were derived and 16 free choices were identified. The mechanism is further optimized to reduce the input energy while keeping a large stride length. Two acceptable mechanisms were successfully designed. One was through trial-and-error to achieve a satisfactory stride length, and the second one was further optimized to reduce the energy input and to maximize the stride length. The kinematics and dynamics simulations showed that both mechanisms exhibit desired ovoid trajectories of the tracer point with satisfactory stride lengths. The input torque of the optimized leg mechanism is consistently lower than the one from the mechanism via trial-and-error. However, kinematics analysis shows that the stride length of the optimized mechanism is 10 % lower than the stride length of the original mechanism. This is because for the original mechanism the energy input was not concerned. To demonstrate the proposed design is feasible, a prototype of the leg mechanism based on the optimal design was built to demonstrate that the desired motion was achieved.
Art and engineering have often been considered to be separate fields and the resistance to merge comes from both sides. This work is an initial attempt to imitate an art work using the engineering design theories and to cross the border between art and engineering.
